The synthesis of chiral molecules is of great importance to the pharmaceutical, agrochemical, flavour and fragrance industries. The use of organo-iridium complexes has gained a reputation for its great utility in key enantioselective synthetic procedures. Prime examples include the catalytic reduction of carbonyls and imines; iridium-catalysed allylic substitution and catalysed enantioselective hydrogenation of unsaturated carboxylic acids. Important aspects in these processes are the reaction conditions such as the catalyst loading, metal-ion ligands, the substrate, solvent and the reaction times-all of which can affect the degree of enantioselectivity. Understanding the mechanisms of these hydrogenation/reduction reactions through kinetic and other related studies makes a vital contribution to improving catalytic efficiency. 590 | Catal. Sci. Technol., 2020, 10, 590-612
Introduction
Iridium is an extremely rare element, estimated to be 1 ppb of the Earth's crust and found mainly in Alaska and South Africa as two naturally occurring isotopes. It is the densest element. Its electronic configuration is [Xe]4f 14 5d 7 6s 2 and, as a result of a large crystal field stabilisation energy associated with the t 2g 6 configuration, its most important oxidation state is +3 (d 6 ). However, the +1 state (d 8 ), particularly with π-acceptor ligands, and the +4 state (d 5 ) also occur to a significant extent. Most d 6 complexes are low spin and octahedral with an effective ionic radius for Ir 3+ of 68 pm. The number of ligand atoms bonded to the iridium is indicated by η followed by a superscript indicating that number of ligand atoms. For example, if the cyclopentadienyl anion ligand bonds through all five atoms, they are designated η 5 -C 5 H 5 . The three most important catalyst classes for enantioselective reactions are neutral iridiumĲI), cationic iridiumĲI) and iridiumĲIII). Many organo-iridium complexes obey the 18-electron rule and are typically "exchange inert". In general ligand exchange occurs by dissociative substitution mechanisms, wherein the rate of reaction is determined by the rate of dissociation of a ligand. Conversely, 18-electron compounds can be highly reactive towards electrophiles such as protons and such reactions are associative in mechanism. Complexes that undergo dissociative substitution are often co-ordinatively saturated and have octahedral molecular geometry. The entropy of activation is characteristically positive for these reactions, which indicates that the molecularity of the reacting system increases on going from the initial to the transition state (TS). Analogous to S N 1 mechanisms, these dissociative pathways are characterized by a rate determining step that involves release of a ligand from the coordination sphere of the metal undergoing substitution. Consequently, the concentration of the substituting nucleophile has no influence on the rate and an intermediate of reduced coordination number can sometimes be detected. Although the 18-electron rule would suggest non-reactivity in either a stoichiometric or catalytic sense, there are many exceptions. Complexes with fewer than 18 valence electrons tend to show enhanced reactivity.
The composition of enantiomerically enriched products is traditionally expressed as the percent enantiomeric excess ee, defined as:
where R and S are the respective fractions or percentages of enantiomers in a mixture. With a given % ee the fraction of the main isomer, say R, is given by:
The use of ee has been criticised and a preferred term is enantiomer ratio which can be expressed as a number, q (i.e. as a ratio having a denominator of 1), or as a ratio normalized as a percent (e.g., er = 90 : 10). 1 Enantioselective synthesis is usually achieved under conditions of kinetic control so that a prochiral substrate, S, yielding enantiomeric products, P R and P S , is determined by the relative rates of formation of the two products, with rate constants k R and k S , respectively (eqn 1).
The product ratio (P R /P S ) is given by (eqn (2) ) where ΔΔG ‡ is the difference in free energies of activation for the formation of P R and P S whereas the relationship between %ee and k R /k S is given in eqn (3) .
If the synthesis involves, say, nucleophilic addition to the prochiral faces of an electrophile in the presence of a chiral catalyst the free energies of activation for the addition to the Si and Re prochiral faces are not equal. The larger the difference in the free energy difference between the pro-R and pro-S transition states (ΔΔG ‡ ), the greater is the enantioselectivity. For example, a ΔΔG ‡ = 5.7 kJ mol −1 at 298 K gives an enantiomer ratio of 10 : 1 and an ee of 82% ( Table 1 ). (1)) with time are given by eqn (4)- (6) .
The changes in concentration of the reactant substrate [A] and enantiomeric products [R] and [S] (eqn
[A] = [A o ]e −(kR+kS)t (4)
An assumption in the above treatment is that P R and P S are not in equilibrium and are formed with the same kinetic order e.g. say both are first or second order. It is later described that this is not always the case which may mean that the enantiomer ratio is dependent on the concentration of substrate. In general, an activated Ir catalyst (Ir cat ) can react with a substrate S through initial complex formation to give intermediate species after chemical reaction and eventually to generate bound product before product release and catalyst regeneration (Scheme 1).
The binding of S and intermediates can be very weak or so strong that they accumulate and represent the major Ir species present under the reaction conditions. Consequently, the rate of reaction can show saturation kinetics i.e. zeroorder in substrate. A rate independent of substrate concentration can be indicative of a rate-limiting step involving the catalyst bound to substrate, intermediate or product or regeneration of the catalytic species. If coordination is strong and an apparent binding constant can be measured it is important to remember that this constant is the overall binding constant of all Ir-bound species and not necessarily K S (Scheme 1), e.g. the Ir*SX intermediate may accumulate and represent the major Ir species present under steady-state conditions.
External factors affecting enantioselectivity
Later sections will emphasise the importance of the catalytic iridium structure, particularly the ligands and oxidation state of the metal-ion, and the nature of the substrate that influence reactivity and selectivity, but here other external factors are briefly discussed.
In general, for a catalysed conversion of an achiral substrate into a chiral product, any enantioselectivity results from the differences in the free energies of the transition states of the two enantiomers being formed (eqn (2)). Changing the solvent does not change this conclusion, although relative reactivities in the rates of formation of the products in the two solvents can sometimes result from changes in the free energies of the achiral reactants and catalyst in the two solvents as well as transition state effects. 2 For example, good reactivities and selectivities in the IrĲI) catalysed reduction of imines with hydrogen are often favoured in dichloromethane and toluene. 3 Solvents may interact directly with the catalyst, substrate and product which can therefore increase or decrease reactivity and selectivity. 4 There are many solvent properties which can influence these parameters and include polarity, hydrogenbond donating and accepting ability, basicity and nucleophilicity. 5 Interaction or coordination of the solvent with the catalyst can influence catalytic stability, activity and selectivity. The degree of ion-pairing between a charged catalyst and counter-ion charged substrate can be greatly affected by the nature of the solvent and hence catalytic activity. Similarly, a solvent poor at solvating ions can have an impact on ion-pairing between a positively charged Table 1 The ratio of rate constants k R /k S for enantiomer formation and corresponding %ee and differences in free energies of activation for eqn (1) catalyst and its counter-anion and so influence catalytic activity. This can be adverse if the counter-ion blocks the active site of the catalyst by blocking the vacant coordination site where the substrate may bind. 6 If there is an increase in polarisationcharge densityof the transition state compared with the reactant state, including the catalyst, then using a more polar solvent will increase the rate of reaction. Conversely, a less polar solvent will stabilise the transition state if its polarisation is less than that of the reactants, thus increasing the rate of reaction. 7 A solvent that preferentially stabilizes one of the enantiomeric transition states controlling selectivity should enhance the enantioselectivity of the product i.e. changes the ratio k R /k S . Several reactions using iridium catalysts involve reduction with gaseous hydrogen and the mass transfer of gases can sometimes be affected by the solvent viscosity leading to a reduction in the rate of reaction or even changes in selectivity. For example, the rate of hydrogenation of imines by a cyclometallated iridium complex containing an imino ligand increases linearly with hydrogen pressure but is zeroorder in imine concentration compatible with Ir-hydride formation rather than hydride transfer to the imine. 8 Highly viscous solvents generally have low rates of mass transfer of gases which can affect both rate and selectivity. 9 Changing the temperature generally has only a small effect on enantioselectivity. 10, 11 A difference in activation energies for formation of two enantiomeric products of 12 kJ mol −1 requires a temperature change of 50°C to give a difference in their rates of formation, k R /k S , of 2.
The role of various additives has been explored including changing the anion associated with positively charged catalysts. Other common additives include bases, acids and metal-ions. Many iridium catalyzed reactions involve nucleophilic attack on an unsaturated centre and the addition of electrophiles such as a proton or metal-ion may facilitate this by coordination to the unsaturated substrate (Scheme 2). The proton is more effective than even multiply charged metal-ions. The reactivity and selectivity of the hydrogenation of the imine N-(1-phenylethylidene)benzylamine using the chiral Ir catalyst, [Cp*IrCl{(S,S)-Tscydn}], is increased by the presence of silver salts. An excess of AgSbF 6 increased enantioselectivity by up to 72% ee which is attributed to coordination of Ag + to the imine nitrogen facilitating hydride transfer from Ir-H. 12 
Historical background
Homogeneous iridium catalysis had a slow start mainly because it apparently displayed no special properties compared with other platinum metals. Vaska 13 prepared several iridium species (Scheme 3) in which co-ordinatively unsaturated IrĲI) 1a reacted with a variety of A-B molecules to give the corresponding oxidative addition octahedral IrĲIII) products 1b. This formally represents a two electron transfer from Ir to A-B and a change in oxidation state of the metalion and so is referred to as oxidative addition. The importance of these new complexes centres on the addition of small ligands and serves as the platform for homogeneous catalysis.
The ability of a transition metal compound to activate H-H bonds at ambient temperature was fundamental to later discoveries of catalysts for the homogeneous hydrogenation of unsaturated organic substrates. 14 The isolable oxidative product IrĲIII)H 2 ClĲPPh 3 ) 3 is extremely stable whereas relatively unstable intermediates are required for any successful catalytic protocol. The dissociation of a ligand to generate a vacant coordination site for the substrate or reactant to bind is often a pre-requisite for a catalytic cycle. The main reason for the lack of dissociation of the phosphine ligand in the iridium complex compared with rhodium is due to the increase in bond strength on going from the second to third row of the transition metals. This factor has been one of the disadvantages of using iridium in catalytic processes.
Due to the isoelectronic nature of iridium and rhodium advances in either area have often been transferred and tested on the respective counterpart. The discovery by Schrock and Osborn that 2 could be converted in situ to 3 demonstrated that dissociation of the ligand was not restricted to phosphine ligands. 15 This discovery not only paved the way for Crabtree's catalyst 4 but also offered the possibility of incorporating other chelating ligands including chiral ones (Scheme 4). 16 After the discovery that coordinating solvents such as acetone, ethanol and THF resulted in complexes [M(cod)L 2 ] ClO 4 (cod = 1,5 cyclooctadiene) which reacted with hydrogen to obtain isolable complexes, Crabtree reported enhanced Scheme 2 Nucleophilic attack on an activated prochiral substrate. 
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Mini review catalytic activity of a series of [M(cod)LĲpy)]PF 6 (M = RhĲI), IrĲI); py = pyridine) complexes which dissolve readily in dichloromethane. The new complex 4 exhibited enhanced activity in the hydrogenation of even tri-and tetra-substituted alkenes. Whereas the coordinating solvent stabilises the iridium complexes, 17 it was demonstrated that only the alkene can stabilise the catalyst by coordination with the rhodium analogue. The higher catalytic activity indicated the critical role of the solvent in homogeneous catalysis. 18 The hydrogenation of steroids such as 5 with [IrĲcod)LĲpy)]PF 6 4 (Scheme 5) gave yields ranging from 70-100% and the best rates were obtained by bubbling hydrogen through the solution rather than by working under one atmosphere of hydrogen. However, steroids bearing an alcohol functionality deactivated the catalyst and so protection of this moiety was required. 19 The coordination of the hydroxyl group can exert a stereocontrolling effect in Ir catalyzed reactions. 20 The hydrogenation of indenones with a β-OH or carbonyl gave exclusively cis-indanone, whereas the α-derivative in DCM gave the trans-indanone (trans/cis 96 : 4) .
The ability of the alcohol to control the stereogenicity of hydrogenation 21 reaches an impressive 1000 : 1 ratio for the isomeric product alkanes from the reduction of terpinen-4-ol 7 (Scheme 6). The proposed intermediate complex was not observed but the more stable, but poorer catalytic, derivative IrĲI)ĲPPh 3 ) 2 + , binds to the hindered endo-5-norbornen-2-ol 10 as shown by NMR due to the sensitivity of the Ir-H chemical shift to the nature of the trans ligand (Scheme 7). 22 Application of this new coordination possibility to increase selectivity was used in the synthesis of (+)pumiliotoxin C. One of the key transformations during this synthesis (Scheme 8) was the transformation of 12, the intermediate product 13 was obtained in quantitative yield with high selectivity. 23 A ligating group, particularly OH, in alkenes can thus bind to the catalyst and so direct addition of H 2 from that face of the molecule which contains the ligating group. Furthermore, the OH also protects the catalyst from deactivation.
Ligand development
In general iridium catalytic species can be divided into cationicĲI), neutralĲI) and IridiumĲIII) clusters, each displaying different mechanisms in their ability to transform prochiral substrates into their respective chiral counterparts.
One of the prominent examples in ligand development was the introduction of a novel BINAP (2,2′-bisĲdiphenylphosphino)-1,1′-binaphthyl) ligand 14 with a ruthenium complex (Scheme 9) which exhibited high reactivity and excellent selectivity for allylic and homoallylic alcohols and showed the dependency of these on the relative position of the hydroxyl group and alkene. Further developments of this catalytic protocol went on to earn Noyori the Nobel prize in 2001. 24, 25 The discovery of the chloroacetanilide (S)-metolachlor, one of the most important herbicides for use in maize production initiated the quest to find a viable enantioselective catalyst as 95% of the herbicidal activity of metolachlor resides in the two (1′S)-diastereoisomers. Although rhodium was initially recruited as the metal, the maximum ee of 69% for this process was not viable on an industrial scale and so attention turned to using iridium with a BDPP ligand giving 84% ee. A disadvantage was that the catalyst suffered from active complex dimerization 19, an irreversible process (Scheme 10). 26 The enantioselective hydrogenation of 2-methyl-1,2,3,4tetrahydroquinoxaline (MeQ) using the ortho-metallated dihydride complex fac-exo-(R) 22 as the catalyst precursor increased ee using methanol as the solvent rather than usual DCM. 27 The two imines are hydrogenated at similar rates. The sixteen electron intermediate 23 (Scheme 11), is thought to be the active catalytic species, coordinating the substrate imine, allowing hydride transfer to give an anionic amine species, followed by hydrogen oxidative addition and reductive elimination of the product amine to complete the cycle with regeneration of the catalyst.
The introduction of a chiral phosphane ligand, (R,R)-fbinaphane 39, modified by a ferrocene backbone, altered the electronic and steric properties of the resultant catalyst (Scheme 12). 28 The low rotation barrier of the ferrocene backbone offers flexibility which can facilitate binding of sterically demanding imines to the Ir centre, and more importantly the strong electron back-donating ability from an Ir complex to an imine substrate is increased by the electrondonating f-binaphane ligand with a large P-Ir-P bite angle. A significant change in the enantioselectivities was observed in the presence of I 2 .
Ligands for neutral iridiumĲI) catalysts
The following section will provide a brief coverage of neutral IrĲI) complexes as one of the key catalytic species in transfer hydrogenation of various substrates. BisĲ1,5-cyclooctadiene) (COD) diiridiumĲI) dichloride 30 serves as the main precursor and the ancillary labile COD ligands allow for complex architecture to be introduced around the metal centre by various ligands (Scheme 13, 31-48); providing rich chiral environments for hydrogenation processes.
The introduction of chiral phosphine ligands had a tremendous impact on iridium catalysed reactions of industrial interest. A series of diphosphinoiridium complexes 26 for the enantioselective hydrogenation of N-aryl ketimines were synthesised and among this crop of ligands BDPP (2S,4S)-2,4-bisĲdiphenylphosphino)pentane 31 (Scheme 13) gave rise to highly reactive complexes capable of good activity and enantioselectivities due to the conformationally flexible six-or seven-membered metallacycle (Scheme 14).
The asymmetric hydrogenation of ketimines by a neutral IrĲI) complex of (4R,5R)-MOD-DIOPĲ(4R,5R)-2,2-dimethyl-1,3dioxolane-4,5-diyl) bisĲmethylene)bisĲbisĲ3,5-dimethylphenyl)phosphine) 32, a derivative of the original DIOP ligand produced an efficient reduction of 2,3,3-trimethylindolenine 51 (Scheme 15). The introduction of p-methoxy and m′mdimethyl groups into the phenyl groups of biphosphine ligands improved the enantioselectivity of this IrĲI) complex to 81.4% ee. 29 The development of Josiphos, extremely modular and tunable chiral ferrocenyl diphosphine ligands, provided very efficient ligands for several commercial applications. 30, 31 Xyliphos 53, (Scheme 16) was capable of full conversion of the substrate 49 in 4 h with 79% ee. This hydrogenation not only represents the largest enantioselective catalytic process in use in industry, but also presented one of the fastest homogeneous systems known, second only to certain Ziegler-Natta polymerization catalysts. 32 Some heteroaromatic compounds with resonance stability that retards reduction and also contain nitrogen and sulfur atoms capable of poisoning catalytic species are a challenge to asymmetric transfer hydrogenation (ATH). Employing choloroformate as an activating agent partially disrupts aromaticity by the formation of quinolinium and isoquinolinium salts so that the ATH of quinolines and isoquinolines could be achieved with 83 and 90% ee's respectively. 33 IrĲI) complexes with BCPM and MCCPM 42 (Scheme 13) in the presence of tetrabutylammonium iodide or bismuthĲIII) iodide were applied in the reduction of 2,3,3trimethylindolenine and other cyclic imines with impressive enantioselectivities up to 91% ee and conversions of around 92%. 34 New phosphine-phosphoramidite ligands containing two elements of chirality were among a new crop of ligands introduced, 43 proved to be very efficient for the ATH of 2-substituted quinolones with 99% yields and 97% ee.
In an effort to improve access to sterically hindered chiral amines a family of unsymmetrical hybrid phosphine phosphoramidite ligands 41 where developed. 35 Modification of the binaphthyl backbone to further improve the overall catalytic performance by increasing steric hindrance on the amino moiety and chiral carbon centre of this ligand resulted in high turnover numbers (up to 100 000) and good enantioselectivities (up to 99% ee) for the hydrogenation of a variety of sterically hindered N-arylimines. These results 
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indicated that the presence of an N-H proton on the amino moiety and a H 8 -binaphthyl moiety on this ligand is crucial for achieving high catalytic activity and enantioselectivity. The utility of this catalytic system was demonstrated by the synthesis of the chiral herbicide (1S)-metolachlor at a catalyst loading of 0.001 mol%.
(R)-MeO-Biphep 34 represented the first example of a highly enantioselective iridium/phosphine/I 2 catalytic system for the hydrogenation of quinolines; an efficient methodology granting access to a variety of optically active tetrahydroquinolines with up to 96% ee. This methodology was successfully applied to asymmetric synthesis of tetrahydroquinoline alkaloids providing examples of access to naturally occurring tetrahydroquinoline alkaloids angustureine, galipinine and cuspareine in high yields. 36 Following the highly enantioselective catalytic asymmetric hydrogenation of quinolines with MeO-Biphep/I 2 as the catalyst system, ferrocene derived phosphino-oxazoline ligands 40 gave up to 92% ee's. The chiral N,P ligands of ferrocenyl-oxazolines derived from different amino alcohols show varied effectiveness for the enantioselectivity with absolute configuration of the product being mainly controlled by the central chirality of the oxazoline ring. 37 A highly modular and inexpensive chiral phosphoramidite ligand 48 provided a protection-free approach to asymmetric synthesis of diarylmethylamines. 38 This environmentally sound, and atom-economical approach performing well under acidic reaction conditions yielded 18 examples with ee ranging from 31-98%. The necessity for ortho substitution of benzophenone N-H imines was noted as being a key feature for obtaining high enantioselectivity. It was also reported that the enantioselective hydrogenation of seven-membered substituted dibenzoĳb,f ]ĳ1,4]oxazepines provided an efficient route to optically active 11-substituted-10,11-dihydrodibenzoĳb,f ]ĳ1,4]oxazepines. The sterically hindered (S)-Xyl-C 3 *-TunePhos 35 gave the highest enantioselectivity, providing 13 examples with ee's ranging from 52-94%. 39 An IrĲI)-(S)-tolBINAP-protic amine catalytic system 36 for the asymmetric hydrogenation of the cyclic imine, 2-phenyl-3,4,5,6-tetrahydropyridine achieved an enantioselectivity of 90%. Enhanced catalytic activity was observed with the addition of sub-stoichiometric addition of MeOH or EtOH without impairing the enantioselectivity. 40 Chiral diphosphonate ligands, derived from BINOL with an achiral diphenyl ether backbone, are excellent for the Ircatalyzed asymmetric hydrogenation of quinolines. The ligand 44 comprises a diphosphonite derived from BINOL and an achiral backbone originating from diphenyl ether.
An Ir-f-binaphane complex 39 allows for the complete conversions and high enantioselectivities (up to 96% ee) in the asymmetric reductive amination of aryl ketones in the presence of Ti(OiPr) 4 and I 2 . Formation of the imine substrate appears to be the limiting step, however the approach to avoid isolation and purification of this substrate allows for the asymmetric reductive amination of ketones or aldehydes with amines to be undertaken in a simple and practical method for the preparation of chiral amines. 41 By employing an easily accessible H8-BINAPO chiral phosphinite ligand 47 for the ATH of quinolines derivatives it was demonstrated that the ligand provided better enantioselectivities in the less polar biphasic system poly (ethylene glycol) dimethyl ether (DMPEG, MW1/4500)/hexane reaction medium than in THF; with up to 11% increase of enantioselectivity being observed compared with those obtained in THF. 42 An iridium catalyst containing a new chiral phosphinite ligand Spiropo 45 derived from (R)-1,19spirobiindane-7,79-diol exhibits high catalytic activity (substrate/catalyst ratio up to 5000 with 91% conversion) and excellent enantioselectivity (up to 94% ee) in the asymmetric hydrogenation of quinolines. The catalytic species was noted to be stable in THF; a feat that was maintained even after two months under an inert atmosphere with activity and enantioselectivity still unchanged. If the hydrogenation was carried out in a DMPEG/hexane biphasic system this resulted in efficient separation and recycling of the catalyst. Although the conversion dropped to 40% after four runs, the enantioselectivities remained high. 43 The use of Ir/diphosphinite 46 catalyst in the asymmetric hydrogenation of quinoxalines gives one of the highest ee values attained so far in the catalytic asymmetric hydrogenation of 2-methylquinoxaline. 44 A high-performance catalytic system with readily available DifluorPhos 37, a biaryl bisphosphine ligand, to enantioselectively hydrogenate a series of quinolines at high (S/ C) ratios, afforded up to 96% ee with up to 43 000 TON and up to 3510 h −1 . The substrate scope was also extended to asymmetric hydrogenation of tri-substituted pyridines showing excellent reactivity and enantioselectivity in the hydrogenation with nearly quantitative yields and up to 98% ee. 45 A series of secondary phosphine oxide (SPO) monodentate ligands 38 (ref. 46 ) have been developed and although the phosphine oxide is the most stable form at room temperature, the tautomeric phosphinite is capable of complexing with the iridium precursor. The acidic proton of SPOs was noted as having an accelerating effect upon the transition metal-catalysed hydrogenation of imines. Higher rates were obtained with SPO/Ir ratios of 1, but this decreased enantioselectivity. An increment to a ratio of 2 (SPO/Ir) resulted in increased enantioselectivity. Additives such as n-Bu 4 NI, K 2 CO 3 , t-BuOK, Na 2 CO 3 , primary amines, phthalimide, CF 3 CO 2 Ag and AgBF 4 were found to have a negative effect on hydrogenation.
Ligands for cationic iridiumĲI) catalysts
Of significance in the development of cationic IrĲI) complexes was the introduction of diphosphine ligands including the synthesis of phosphinooxazoline (PHOX) derivatives. 47 The phosphanodihydrooxazole had been used in Pd-catalysed allylic substitution, 48 allylic amination 49, 50 and the Heck reaction. 51 The new catalyst paved the way for one of the 17). This air stable complex is able to convert imines to amines with an ee of 89%. 52 Only the catalytic asymmetric hydrogenation of unfunctionalised tri-substituted alkenes had been reported using the chiral C 2 -symmetric titanocene catalyst which gave yields ranging from 70-94% with ee's of 83-99%. 53 However, the high catalyst loading required for this protocol (>5 mol%) limits its applications and so the introduction of novel chiral ligands further enhanced the potential of iridium complexes as catalysts. 54 The functionalisation of 2-azanorbornane-oxazoline with phosphine led to novel PHOX ligands. 55 A decrease in reaction rate and enantioselectivity was observed for substrates bearing an o-methyl substituent. Imines with electron withdrawing groups were reduced with high yields and %ee (Scheme 18). The analogous 62 however did not display any activity in the reduction of imines but it did show high activity in the hydrogenation of acyclic and cyclic trisubstituted alkenes.
The utility of the chiral PHOX iridium catalysts was expanded using a combination of ionic liquids (ILs) and super-critical carbon dioxide (scCO 2 ). The ionic environment provides beneficial molecular interactions with the cationic organometallic intermediates (Scheme 19). 56 The CO 2 in the biphasic system allows for efficient hydrogenation in ILs, dissolving the catalyst in the IL leads to activation by anion exchange and the process allows for easy removal of the product from the catalyst solution by CO 2 extraction without cross-contamination of IL or catalyst. The highest activity was achieved in the presence of scCO 2 at 40°C in 1-methyl-3pentylimidazolium hexafluorophosphate [PMIM]ĳPF 6 ] 63 with ee varying from 53-78%. 57 Cationic IrĲI) complexes bearing aminophosphineoxazolines (Scheme 20) were used for the hydrogenation of imines providing chiral amines up to 90% ee. 53 Iridium complexes with phosphine-phosphite ligands demonstrate the importance of backbone flexibility on the enantioselectivity of the reaction and showing unusual better asymmetric induction with a more flexible ligand (Scheme 21). 51, 58 Examples of cationic IrĲI) and IrĲIII) complexes used for asymmetric hydrogenation are shown in Scheme 22. Using an in situ prepared iridium catalyst based on the cheap chiral monodentate ligand (S)-PipPhos 68 a new low pressure hydrogenation method of a range of acyclic N-aryl imines was developed with excellent enantioselectivities. 59 Unfunctionalised enamines present challenging substrates in asymmetric hydrogenation but cationic IrĲI) complexes with chiral oxazoline or pyridine-based N,P ligands are active catalysts for their reduction (Scheme 23). Complexes 69 and 70 exhibited excellent activity giving full conversion with low catalyst loading (0.5-1 mol%). High ee's were attributed to substitution at the CC and the nitrogen atom with N-aryl or N-benzyl groups providing beneficial effects on the enantioselectivity. 60 Preparation of γand δ-lactams in 92-97% ee was achieved with novel class of chiral P,N-ferrocenyl ligands 71; the cationic iridium catalyst also showing great utility in the enantioselective reduction of imines (up to 99% ee). 61 The spirobiindane scaffold is extremely rigid and bulky, a feature which was exploited in the synthesis of chiral phosphine-oxazoline ligands, providing well-defined cationic iridium complexes. A particular disadvantage of cationic iridium catalysts is that they easily form inactive trimers under a hydrogen atmosphere something that SIPHOX 72 was reported to be resistant to when exposed to a high pressure of hydrogen. SIPHOX created a crowded but efficient chiral environment around the metal centre. The catalytic system was indeed efficient in the hydrogenation of acyclic N-aryl ketimines, providing chiral amines in excellent ee's (>97%). 62 Extending the chiral phosphine-oxazoline library, the iridium-catalysed hydrogenation of acyclic N-arylimines with 73, induced high enantioselectivities (66-90% ee) of acyclic aromatic N-arylimines. 
Ligands for iridiumĲIII) catalysts
Of the three clusters encompassing iridium catalytic species, IrĲIII) complexes (Scheme 22) [green] have found limited application in the reduction of imines. One of the representative examples in this class is the exceptional cationic dinuclear IrĲIII) complex 75. 64, 65 The substrate scope features excellent hydrogenation of 2-aryl substituted quinolines and 2-alkyl and 2-aryl quinoxalines. Additionally, complex 75 has also proved to be formidable in the reduction of 1-or 3-substituted isoquinolinium salts. IrĲIII) complexes featuring chiral monosulfonylated diamines have indeed provided some of the highest ee's in the reduction of 2-alkyl and functionalized 2 alkyl quinolines with low catalyst loading (S/C = 500); the air stable 76 gave yields of 95% with high ee's (94-99%). 66 Similar half-sandwich IrĲIII) complexes 77 have also been reported; 12 in this work the utilisation of a cyclohexan-1,2diamine based monosulfonylated diamine was active in the reduction of aryl methyl N-benzyl imines, achieving full conversion albeit with moderate enantioselectivity (39-78% ee). The efficient enantioselective ATH of ketones was achieved using bis-cyclometalated IrĲIII) complex 78 with catalyst loadings as low as to 0.002 mol% (96.6% ee). 67 The rigidity of the complex limits the degree of conformational flexibility of intermediates in the catalytic cycle, an important factor that provides an entropic advantage during catalysis. The marked increase in both catalysis and enantioselectivity is also attributed to the metal-ligand cooperativity (bifunctional catalysis) due in part to the presence of the pyrazole co-ligands in the catalytic system.
Mechanisms of transfer hydrogenation
There are several questions to be addressed to elucidate the mechanism of iridium complex catalysed enantioselective synthesis. What is the structure of the active catalyst? Is there significant binding between the substrate and iridium complex? If so, is the binding intermolecular or does it involve significant bonding? If the latter what is the site of bonding? Are any intermediates formed? Is the reaction mechanism homo-or hetero-lytic? What is the rate-limiting step of catalysis? How is the catalyst regenerated? The previous section has catalogued an extensive library of applications of iridium catalysts in enantioselective transformations, this next section is aimed at giving a brief overview of the current understanding of mechanistic pathways encompassing this field of organometallic chemistry.
Hydrogen activation
The most common reduction catalysed by iridium complexes involves the formal hydrogen addition to unsaturated bonds generally in the form of proton and hydride transfers (Scheme 25a). The source of hydrogen can be molecular hydrogen or hydride donors such as formate anions or isopropanol (Scheme 25). Most involve iridium hydride as an active species, probably best described as a polarized covalent bond rather than as a pure ionic interaction. A particular concern in hydrogenation mechanisms is the source of the proton for reductions with molecular hydrogen in aprotic solvents and with no obvious acidic groups available. Although the formal oxidative addition of H 2 to IrĲI) to form dihydrides of IrĲIII) could, in principle, provide a simple solution via a concerted addition to the unsaturated centre.
Generation of hydridic species from hydrogen can occur through heterolytic hydrogen cleavage [Scheme 26(a)] usually through oxidative addition, in which formally there are two electron transfers from IrĲI) to hydrogen to form two metal hydrides and a change of the oxidation state of the metal to IrĲIII). 68 This of course is not an easy transformation given the H-H bond dissociation energy is 436 kJ mol −1 ; however, transition metal complexes achieve this feat under mild conditions.
Homolytic cleavage of hydrogen [Scheme 26(b)] involves hydride transfer to Ir and proton abstraction to give a monohydride without formal change of oxidation state. 69 This process can be further split into intramolecular or intermolecular processes (mediated by an external base). IrĲIII) activation by hydride donors generally yields the monohydride again with no formal change of oxidation state. 70 Employing a sacrificial DH 2 donor [Scheme 26(c)] represents another alternative for the source of hydrogen; with the donor species transferring two hydrogen molecules to an acceptor species.
Substrate considerations
The mechanistic question about the formal hydrogen addition to unsaturated bonds in the form of proton and hydride transfers (Scheme 27) is are the steps concerted or stepwise and, if the latter, which comes first? The two prochiral substrates considered here are CO and CN centres. CO substrates are well suited to undergo reduction as they are highly polarized; exhibiting weak binding to the metal. Indeed, if binding of CO to the metal centre was strong this would retard H 2 activation which is a weak ligand. On the other hand, imines are not very polarized but the lone pair residing on the nitrogen is capable of metal coordination which can suppress catalysis; prior N-protonation thus serves to increase its affinity for the nucleophilic addition of a hydride ion (H − ). 71 It is sometimes suggested that proton transfer can occur from an amine NH in which this involves the formation of a very unstable nitrogen anion. 72 Similarly, hydride addition to a neutral imine generates a nitrogen anion. The pK a of amines, involving proton loss from NH, in water is ∼30 and is even higher in non-aqueous solvents such as DCM or acetonitrile and so the generation of nitrogen anions under the common conditions used in the reduction of unsaturated systems would require enormous stabilisation by other factors and seems generally unlikely.
The substrate directs classification of the reaction pathway based on the role it plays in the coordination sphere. If the 
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substrate directly coordinates to the metal it is termed innersphere (IS) (Scheme 25b) whilst that with no coordination is outer-sphere (OS) (Scheme 25c). Those reactions involving sacrificial H donors can also be classified within these two families. Typically, in an IS mechanism (Scheme 25b), sometimes referred to as ionic hydrogenation, the substrate binds directly to the metal-ion, followed by subsequent insertion into the M-H bond, elimination of the product and oxidative H 2 addition steps to regenerate the catalyst and complete the cycle. This mechanism is common for homogenous catalysis involving iridium. 73 OS mechanisms (Scheme 25c) on the other hand do not involve direct binding of the substrate to the metal-ion but rather proceed via initial intermolecular interactions followed by hydride and proton transfers. The transfer of H + and H − can either proceed concertedly or in a stepwise fashion to the unbound substrate. This addition of H + and H − offers a sub-level classification in OS mechanisms as the processes can be considered as bifunctional or ionic mechanisms. Bifunctional catalysis. Bifunctional catalysis (Scheme 26c) has some representative examples which feature a hydrogen with hydridic character directly bonded to the metal and another hydrogen with protic character bonded to one of the ligands in the metal complex. 74, 75 In OS mechanisms the metal does not change oxidation states. 71, 76 Ionic mechanisms. Ionic mechanisms also exhibit addition of H + and H − to a prochiral substrate in a step-wise fashion. 77 The insertion of the substrate into the M-H bond is not necessary as the initial step in this mechanism is proton transfer generating a neutral metallic intermediate. In the next step is a hydride transfer giving rise to the hydrogenated product. The difference in the two mechanisms is that the ionic pathway is step-wise whilst the bifunctional route is concerted. 78 Mechanistic considerations in transfer hydrogenation have been extensively studied and while all catalysts discussed below exhibit similar features, unfortunately, some of the proposals rely more on conjecture than hard experimental evidence. This section is divided into parts, some of which involve a degree of overlap.
Outer sphere mechanisms of hydrogenation
Reduction of acyclic imines. Ionic outer sphere mechanisms have been proposed for Cp*-half sandwich iridium complexes (Scheme 28) in the direct asymmetric reductive amination (DARA) of various aliphatic ketones. 79 The mechanism follows the classic outer sphere mechanism in which imine protonation via Ir-H 2 Ĳη 2 ) intermediate 84 is the first step with subsequent hydride transfer generating the amine product. The chiral phosphate anion was reported to enhance enantioselectivity (>99%), with suggestions of iminium-phosphate ion pair preceding the hydride transfer step.
The addition of AgSbF 6 in asymmetric hydrogenation of acyclic imines enhances the reactivity of the imine with diamine half-sandwich IrĲIII) species, attributed to coordination of the Ag + to the imine nitrogen thus facilitating hydride transfer (Scheme 29). The SbF 6 − anion can be envisaged as forming an ion-pair. 11 In this outer sphere proposal, a base mediated heterolytic H 2 cleavage generates the active 18 electron monohydride species 88 which delivers a hydride to the Ag + coordinated imine. Protonation of the bound product results in amine formation. Whereas proton transfer precedes hydride transfer in the general OS mechanism, in this proposal, Ag + coordination to the imine causes a reversal, thus hydride transfer occurs first, followed by protonation, although again it involves the formation of an unstable nitrogen anion. Computational mechanistic investigations are currently leading the charge to unravel key transformations in catalytic organic processes. In a theoretical study of the PHOX system 80 an outer sphere mechanism in the asymmetric hydrogenation of acyclic imines was proposed (Scheme 30). COD hydrogenation results in the formation of a cis-dihydride complex 90 and an additional ligand, possibly a solvent molecule, occupies the vacant coordination site in the apical position. Though arbitrary, the solvent molecule is assumed to be stable throughout the cycle. An incoming H 2 is then assumed to coordinate in an η 2 fashion trans to the phosphorus ligand 91. Formation of the active catalytic species is thus dependent on displacement of the imine by H 2 . Heterolytic cleavage of the bound H 2 Ĳη 2 ) by the imine results in formation of an iminium species. In an outer sphere mechanism, the iridium species 92 then delivers hydride in a stereoselective fashion to the protonated species, thus affording the amine product which is assumed to temporarily occupy a coordination site that in the next step is vacated in favour of either an imine or H 2 . It is interesting to note that throughout the cycle, several inert hydride ligands are present, a justification for maintaining the +3 oxidation state.
In an unorthodox outer sphere mechanism, a ligand assisted outer sphere hydrogenation of acyclic imines (Scheme 31) 94 was proposed. 81 Fundamental to this proposal is the replacement of benzene (η 6 ) by an amine, exhibiting both η 6 (94) and η 4 (96) binding modes. A free amine abstracts a proton from the IrĲIII) species 95 which allows for subsequent oxidative addition of dihydrogen that eventually forces the proton to migrate to the η 4 bound amine ligand, reducing the metal to IrĲI) as evidenced by H/D scrambling experiments. The rate law would agree with either a slow dissociative amine-by-imine exchange or a ratedetermining bifunctional hydrogenation step. The long induction periods observed in the different solvents employed could reflect the amine-assisted dihydrogen oxidative addition step becoming the rate-determining step at low amine concentrationa feature that could be enhanced by competition of the imine for the hydrogenbonding sites. 81 A trihydride IrĲIII) complex 97 is generated by the oxidative addition of H 2 which subsequently proceeds to deliver a hydride to the carbon and a proton from the amine ligand in a bifunctional catalytic process 98, thus affording the product amine.
Reduction of cyclic imines. Cyclic imines have less conformational freedom than their acyclic analogues which can impact the mechanistic pathway adopted.
N-Heterocyclic carbene (NHC) complexes represent a growing area of research and have been established as highly stereo-directing ligands in transfer hydrogenations. [82] [83] [84] [85] [86] [87] The strong σ-donor properties exhibited by NHCs provide beneficial reactivity of the metal hydride intermediates formed during the catalysis, but also stabilize the Scheme 29 Half-sandwich IrĲIII) complex 85 in the Ag + assisted hydrogenation of acyclic imines.
Scheme 30
Proposed inner sphere mechanism with homolytic H 2 cleavage with 89 based on a computational study. 86 Scheme 31 Proposed outer sphere mechanism for complex 94.
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configuration of the catalyst. 88 An outer-sphere mechanism for the 99 ATH of cyclic N-sulfonylimines was proposed leading to 24 examples of chiral sultams with high enantioselectivities (94-98% ee) (Scheme 32). The addition of ammonium formate is crucial in generating the catalytic species and serving as the hydrogen source. The expulsion of CO 2 and ammonia generates the active species 102. Though not conclusive it is reasoned that generation of the 16electron species is preceded by dissociation of MeCN or NH 3 , followed by fast hydride transfer to generate a highly reactive intermediate 102. The catalytic species then proceeds to transfer H + and H − in a concerted fashion, with a hydrogen bond holding the substrate in place, subsequent product release leads to regeneration of the catalytic species. Of chief significance in the stereoselectivity is the reduced steric hindrance in the TS in addition to the hydrogen-bonding network. The outer-sphere mechanism is aided by the presence of bulky tert-butyl groups in the complex that restrict potential amine/imine coordination. 89 Other outer sphere mechanisms of cyclic substrates have been proposed following a thorough investigation in the enantioselective reduction of 2-aryl-pyridinium salts with the Ir-MP (ref.
2)-SEGPHOS catalyst (Scheme 33). A series of deuteration experiments confirmed a multi-step hydrogenation cascade that involves multiple tautomerisations between the intermediate enaminium and iminium ions followed by an enantioselective addition via an outer-sphere mechanism. One of the challenges in hydrogenating pyridine based substrates is their strong coordination ability, a feature that can be detrimental to the catalyst. The rate of reduction of the tetra-substituted iminium was slower than that of tautomerization. Therefore, the second tautomerization had longer time to undergo a reversible process of protonation and deprotonation. A 1,4-addition was thought to be the first reduction step in the hydrogenation process with selectivity heavily relying on the geometrical fit between the catalyst and substrate. Hydride transfer and subsequent chiral reduction takes place through another outer-sphere pathway to release the final chiral piperidine to complete the catalytic cycle. 76 The reduction of multiple bonds as in quinolines has also been proposed to occur through an outer sphere mechanism in a stepwise fashion (Scheme 34). Similar to Zhang's 76 cycle the reduction encompasses two simultaneous cycles. Initially, a 1,4-addition in the first catalytic cycle proceeds via step-wise proton transfer and hydride transfer to the fourth position 111. The reduction is followed by enamine-imine isomerisation. The imine is protonated in the second cycle, leading to a final 1,2addition, that results in the amine product. 90, 94 Reduction of ketones. The role of a strong base in hydrogenation processes has rarely been explored, but DFT calculations attempted to unravel the role played by sodium methoxide in hydrogenation processes (Scheme 35) for iridium complexes with "non-NH" ligands. A fundamental feature of this proposal was the requirement of generation of anionic species. A cycle beginning with [Na + (MeOH) 3 ] 113 was proposed with Na + anchoring the substrate. Hydride transfer to the alkoxo bound substrate then occurs; thus generating an Na + linked alkoxide 115 held in the Ir coordination sphere by σ C-H coordination, which then rearranges to a more stable isomer 116. In the next step, H 2 displaces OiPr from the Ir coordination sphere 117. The H 2 ligand then delivers a proton to the Na + bonded OiPr ligand to yield an iso-propanol adduct 119, and the cycle is completed by product expulsion 113. Therefore, the hydrogenation is in essence an outer sphere process with stepwise H − /H + transfer to the sodium-activated ketone, but the proton is not initially present on the catalyst; it is only provided in a later step after H 2 activation. 91 
Inner sphere mechanisms of hydrogenation
Reduction of acyclic imines. An inner sphere mechanism for the reduction of imines involves an IrĲIII) cycle Scheme 33 Outer-sphere mechanism in the hydrogenation 2-aryl-pyridinium salts with 103.
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Reduction of Ketones. In general IrĲI) catalysts show excellent activity in transfer hydrogenation, performing better than their IrĲIII) counterparts. Complexes of the class [IrĲcod)ĲNHC)X] that feature an ether functionality 120 proceed through the hydridic route (Scheme 37) as is common for most proposed mechanisms for IrĲIII). Initial dissociation of one of the ether groups vacates a coordination site 122; allowing for coordination of iso-propoxide which subsequently undergoes β-elimination of the C-H bond upon de-coordination. The resultant hydridic species isomerises due to the high trans effect of the adjacent NHC ligand, thus forcing the hydride to be trans to the iodide in the apical position 123. The incoming ketone displaces the acetone product resulting in a secondary isomerisation process that releases the steric congestion in the equatorial plane 125. This isomerisation is key for efficient migratory insertion of the ketonic substrate into the Ir-hydride bond; allowing for generation of the alkoxo complex 126. A sacrificial i PrOH molecule then transfers a proton to the alkoxo intermediate, generating the product and thus the cycle begins again 121. 92, 93 6. Hydrogen transfer steps and other mechanistic considerations
Asymmetric transfer hydrogenation
Three main pathways have been proposed (Scheme 38) for the transfer hydrogenation of ketones using iridium catalysts to give corresponding alcohol products. Pathway A involves a direct hydrogen transfer proceeding by means of simultaneous interaction of the substrate and hydrogen donor with the metal centrethe close proximity of these two entities results in a concerted delivery of a formal hydride from the alcohol donor to the acceptor ketone. 98, 99 This pathway does not involve a metal hydride as the hydride is provided by the donor alcohol. The metal's purpose is to aid enhancement of the electrophilic nature of the carbonyl, Scheme 37 Ketone hydrogenation preceding via an inner-sphere mechanism with 120. making it more receptive to the hydride attack and providing a highly organised transition state where the correct orientations for bond making and breaking are met. This direct transfer of hydrogen has been extensively studied computationally and has given support to this mechanism for some iridium catalysts. 94 Pathway B (Scheme 38B) involves metal hydride complexes and deuterium labelling experiments have been used to probe whether hydrogen transfer proceeds through monohydride or dihydride mechanisms. The monohydride pathway (Scheme 38Bii) arises from the α-C-H of the donor and the dihydride results from abstraction of both the O-H and α-C-H.
In the case of IrĲI) complexes, the monohydride mechanism (Bii) is favoured. Activation of the H-donor occurs upon coordination of 2-propanol to the metal, providing the alkoxy complex, which subsequently undergoes an intramolecular β-hydrogen extraction to produce the metal hydride and acetone. The hydride is then delivered to the carbonyl group according to two different limiting mechanisms: (i) displacement of the coordinated acetone by acetophenone giving the alkoxide ion, followed by migratory insertion of the ketone into the metal-hydrogen bond to provide the new alkoxy derivative (inner sphere mechanism) and (ii) displacement of the alkoxy ligand from the coordination sphere of the metal by a second 2-propanol to deliver the reduced product and restarts the catalytic cycle. 95 Delivery of hydrogen in a concerted fashion is described by pathway (C) (Scheme 38C)metal-ligand bifunctional catalysis. These systems are unorthodox in that substrate reduction proceeds via concerted hydridic H delivery from the metal centre to the electrophilic CO carbon, while the ligand amine NH ligand delivers a H proton to the oxygen simultaneously. The presence of an available ionisable hydrogen on the ligand is imperative and its absence results in no catalytic activity. 96, 97 Catalyst regeneration then follows in a reverse process using the donor alcohol. This in turn led to the development of a repertoire of related catalysts containing an N-H functionality including iridium-based complexes (Scheme 39). 98, 99 All three reaction pathways are feasible and several factors such as the catalyst, substrate and solvent can influence which pathway is favoured by an iridium catalyst. 
ATH of imines
The significant difference between imines, alkenes and ketones is the basicity of the substrate due to the nitrogen lone pair, which in turn impacts mechanistic pathways adopted. In terms of reactive catalytic species formed in any hydrogenation protocol, one of the most important intermediates formed is the hydride species and subsequently whether hydride or proton transfer occurs first. The reaction conditions are obviously important and for IrĲIII) catalysis where formic acid or iso-propanol are the source of the hydride, then for imines it is reasonable to assume that protonation of the substrate occurs first. Initial protonation significantly activates the functionality by increasing electrophilicity of the carbon hence facilitating hydride transfer which occurs subsequently. Even with IrĲI) catalysed reduction of imines with molecular hydrogen, it seems likely that the reaction involves rapid, reversible protonation of the substrate, followed by hydride transfer from the metal. A kinetic study on the hydrogenation of CN substrates with piano-stool ruthenium hydride complexes demonstrated that hydride transfer from the transition metal to the pre-formed iminium ion is the enantioselectivitydetermining step with transfer of hydride being the ratelimiting step of the reaction. 73, 100, 101 This ionic hydrogenation reaction mechanism allows selective reduction of polar CX double bonds over CC ones, with selectivity and rate all appearing to depend on H − transfer as the key step. 73, 102 Due to differences in basicity and susceptibility to nucleophilic attack as well as binding mode, imine hydrogenation may follow different pathways from ketonic reduction, although they do share some similarities. The control of stereochemistry in ketones is due to a favourable π/ CH interaction between the hydrogen atom on the η 6 -arene ligand and the aromatic ring of the substrate. The origin of enantioselection with respect to the transfer hydrogenation of imines using Noyori/CATHy catalysts is unclear. The transfer hydrogenation of imines is rather unusual as it leads to chiral amines with the opposite stereochemistry from that expected applying a similar rational. Various transition states have been proposed that could result in the correct product with the correct configuration 103, 104 (Scheme 40). The suggestions are based on interactions that lead to the substrate adopting configurations that allow for transfer hydrogenation to occur yielding the enantiomeric product.
Though not conclusive, the study did confirm that the stereo-controlling effects observed in ketonic transfer hydrogenation cannot simply be superimposed onto their imine counterparts as this results in the 'wrong' product.
An outer-sphere mechanism for the iridacycle mediated hydrogenation of simple imines (Scheme 41) is initiated by chloride dissociation affording the catalytic species. The next step is hydride abstraction from the coordinated formate, releasing CO 2 and generating the hydridic species, subsequently transferring hydride-ion to the protonated imine substrate. Kinetic measurements showed that the hydrogenation rate is second order in HCO 2 H concentration, first order in catalyst and zero order in imine. Using DCO 2 D in place of HCO 2 H yielded a k H /k D of 1.9, supporting Ir-hydride formation being the turnover-limiting step. Hydrogen bonding of MeOH to the formate anion stabilises the ion pair. 105 The IrĲIII)-catalysed asymmetric transfer hydrogenation of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline 132 (Scheme 42a) uncovered some unusual enantiomeric excess profiles for formation of the respective product amines 133 using the IrĲIII) catalyst IrCp*I (R,R TsDPEN) in acetonitrile or DCM (Scheme 42) under acidic conditions. 106 In general, Scheme 40 Consideration of interactions in the enantioselectivity of imine and ketone reduction to afford the correct product.
Scheme 41 ATH of acyclic imines with cyclometalated 127.
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Mini review enantioselectivity arises from differences in transition state stabilities for the two enantiomers with common kinetic orders in their rate laws. However, if the formation of the two enantiomeric products follow different rate laws then enantioselectivity can arise simply from different rates as a function of concentration of substrates. Initially the reaction gives predominantly the (R)enantiomer which then decreases significantly during further reaction. The enantioselectivity of the reduction is solvent dependent, with faster rates in dichloromethane but greater enantioselectivity in acetonitrile. The changes in ee as the reaction proceeds is a result of the rate of formation of the (R)-enantiomer following observed pseudo first order kinetics whereas that for the (S)-enantiomer is pseudo zero order. Consequently, the rate of formation of the (R)-enantiomer decreases as the concentration of imine decreases whereas that for (S)-enantiomer remains constant and so the relative rates of formation of the two enantiomers changes with time as the reaction proceeds (Scheme 42b).
Formation of the (S)-amine product involves ratelimiting dissociation from the catalyst 136, step k 3 (Scheme 42c) giving rise to zero-order kinetics. The ratelimiting step for formation of the (R)-amine is hydride transfer 139, supported by a H/D kinetic isotope effect, and so exhibiting normal first-order kinetics. The rate of formation of the (S)-amine is independent of imine concentration. Alternatively, they may be two distinct catalytic species, each responsible for the formation of the respective enantiomers. 106 Using a series of 1-fluorinated methyl-3,4dihydroisoquinolines as substrates changes the rate-limiting step of dissociation of the (S)-amine product from IrĲIII) k 3 , so that both enantiomers are formed with first-order kinetics. 107 This results in almost complete removal of the enantioselectivity of the reduction.
Scheme 42 Kinetic and mechanistic considerations for the formation of (R) and (S) amine.
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It has been suggested that reduction of imines using transition metal complexes occurs through the neutral imine rather than the more reactive iminium-ion. 108 However, α-substituted imines with electron-withdrawing fluorinated groups make protonation more difficult but on the other hand enhance the electrophilicity of the imine carbon so facilitating nucleophilic attack. The α-difluoromethyl (CHF 2 ) 3,4-dihydroisoquinoline has a much reduced pK a so there is little protonated species present under the reaction conditions and it is 10-fold less reactive than the α-monofluoromethyl imine in the cyclopentadienyl IrĲIII) complex catalysed reduction in acetonitrile under the acidic conditions of a 5 : 2 ratio of formic acid : triethylamine. Despite a more electrophilic imine carbon the α-trifluoromethyl derivative is completely unreactive towards the cyclopentadienyl IrĲIII) complex catalysed reduction, showing that the iminium ion is the reactive species. 107 It appears in this case that selectivity is almost exclusively due to the different kinetic orders for the rates of formation of the two enantiomers. Changing the ligand to S,S-TsDPEN rather than R,R inverts the kinetic orders of the rates of formation of the two enantiomeric product amines. 106,107
ATH of ketones
A lithium mediated hydrogenation of ketones with a novel class of air-stable tridentate ferrocene-based aminophosphine sulfonamide (f-amphamide) ligands displays excellent activity in the iridium-catalyzed asymmetric hydrogenation of aryl ketones (Scheme 43). Lithium oxide successfully promoted the hydrogenation of the carbonyl group. The catalytic cycle involves enantio-determining hydride transfer from Ir centre to the keto carbon and the H 2 activation process to yield the chiral product and regenerate the catalyst. TS1ĲS) leading to (S)-alcohol 142a was found to be more stable than (R)-alcohol TS 1 (R) by 2.8 kcal mol −1 142b, leading to 98% ee. The origin of enantioselectivity is attributed to greater steric repulsion between Ph and P of the ligand and the substrate Ph of TS1ĲR) and TS1 (S). This repulsion results in different bond lengths (Ir-H and C-H) in the two TS's with TS1ĲR) 142b having longer distances than its counterpart. The repulsion leads to better overlap between the d-orbitals of the metal centre and the TS1ĲS) than TS1ĲR). 109 Metal-bifunctional complexes provide a different approach in hydrogenation of ketones. The presence of a proton source on a ligand provides insights into the reduction process. Ferrocene-based amino-phosphine-alcohol ligands (f-amphol ligand) are efficient in the ATH of various ketones affording excellent enantioselectivities (up to 99.9% ee) and high activities (TON up to 200 000) (Scheme 44). 110 DFT calculations suggest that the hydroxyl group of f-amphol ligands plays a key role in obtaining high reactivities and excellent enantioselectivities. The f-amphol ligand contains both NH and OH labile protons. Calculated TS1 details the approach of the ketone on the Re-face, generating the (R)alcohol whereas approach from the Si-face as in TS2 generates the (S)-alcohol. The higher free energy of TS2 of 3.3 kcal mol −1 highlights the kinetically unfavourable pathway. ATH at the amino side was also considered with the Re-face approach occurring through TS4 and Si-face approach occurring through TS5. The free energy of TS4 is higher than that of TS1, indicating the preferential ATH of acetophenone at the hydroxyl site. This study confirmed that the generation of (R)-alcohol was favoured in this catalytic protocol. 110 
Outlook
The use of iridium in catalysis, both homogeneous and heterogeneous, remains an exciting topic with many new developments, not only for hydrogenation/reduction reactions but for many other reactions. [111] [112] [113] The observation that enantioselectivity of some reactions can result from enantiomers being formed by different kinetic orders 106, 107 highlights the importance and requirement for careful kinetic studies. The field is ripe for the application of physical organic techniques including linear free-energy relationships and kinetic isotope effects.
